Dietary advanced glycation end products (AGEs) and their interactions with the receptor for AGEs (RAGE) may play a role in the pathogenesis of type 1 diabetes. This study set out to assess whether there is any association of circulating concentrations of soluble RAGE (sRAGE), AGEs, and their ratio with the appearance of diabetes-associated autoantibodies in children progressing to clinical diabetes.
Type 1 diabetes is an autoimmune disease causing increased morbidity and mortality worldwide (1) . The incidence has increased rapidly during the past decades in Finland and most other developed countries, and the increase has been most conspicuous among children younger than 5 years of age (2, 3) . The reason for this is not known, although interactions between genetic and environmental factors are likely to be involved (4) .
Advanced glycation end products (AGEs) and their interactions with the receptor for AGEs (RAGE) are postulated as potential nutritional modulators of the risk for type 1 diabetes (5). The AGE-RAGE axis is quite well established as a pathological pathway contributing to the complications of diabetes (6) and the metabolic changes leading to type 2 diabetes, including insulin resistance (7) (8) (9) . More recent evidence suggests a role for AGEs and RAGE in the pathogenesis of type 1 diabetes (5,10,11). Further, excess dietary AGE intake can induce pancreatic b-cell dysfunction in animal models (12) , while AGE-lowering strategies such as a low-AGE diet or pharmacotherapy decrease the incidence of autoimmune diabetes in NODLt mice (12, 13) . N-´(carboxymethyl)lysine (CML) is one of the most prominent AGEs physiologically. It is formed through various pathways and is often used as a marker of AGE accumulation in human studies (5) . We have previously identified an association between three polymorphisms of the AGER gene encoding RAGE on a high-risk HLA background (10) . We also reported recently in a population-based study that two of the risk-associated AGER polymorphisms also predicted reduced sRAGE concentrations in children with newly diagnosed type 1 diabetes (14) .
The circulating pool of soluble RAGE (sRAGE) represents a combination of endogenous secretory RAGE (esRAGE) produced via alternative splicing of the RAGE gene transcript (15) and cleaved membrane-derived sRAGE. Both appear to act as decoys for AGE and other RAGE ligands and are considered cytoprotective (5) . However, the complex equilibrium of membrane-bound RAGE, sRAGE, esRAGE, and RAGE ligands is anything but deciphered. Some investigators have reported a direct correlation between sRAGE concentrations and risk of diabetic and cardiovascular complications (16, 17) , while in a somewhat different population, decreased concentrations were associated with increased risk (18) .
There are numerous reports of a decline in sRAGE concentrations in acute inflammation and acute phases of autoimmune diseases (19) . Interestingly, patients with acute Kawasaki disease had very low sRAGE concentrations and a high ratio of the proinflammatory RAGE ligand S100A12 to sRAGE when compared with controls. After successful treatment with intravenous Ig, both of these markers returned close to normal (20) . Similarly, our previous study showed that sRAGE concentrations tend to decline at seroconversion to autoantibody positivity both in an animal model of autoimmune diabetes and in a small group of prediabetic children (10). However, there was no difference in the sRAGE concentrations between newly diagnosed children and adolescents with type 1 diabetes and controls in our recent study (14) . These observations created a need for a more specific study of this phenomenon in a larger population of prediabetic children.
RESEARCH DESIGN AND METHODS

Subjects
The study subjects were derived from the Diabetes Prediction and Prevention (DIPP) study, the protocol of which has been described previously (21) . We included 114 children who progressed to overt type 1 diabetes during prospective follow-up and 114 controls matched for time and city of birth, sex, and HLAgenotype-based risk group and analyzed their serum samples. We selected one sample taken before seroconversion to positivity for diabetes-associated autoantibodies (islet cell antibodies [ 
Serum Concentrations of sRAGE
Serum samples were analyzed undiluted according to the manufacturer's instructions (Human RAGE ELISA, R&D Systems, Minneapolis, MN). The interassay coefficient of variation was 7.6%, while the intra-assay coefficient of variation was 3.5%. The analysis covers the whole pool of circulating sRAGE, both esRAGE and sRAGE components.
Serum Concentrations of CML
Serum concentrations of CML were determined using an indirect enzyme immunoassay specific to CML-modified human serum albumin (650.8 mmol/mol lysine) as described previously (22) , with the modification that 739 mg/mL of rabbit polyclonal anti-CML antibody was used and reactions were terminated after 5 min with 1.8 mol/L H 2 SO 4 . Serum samples were diluted either 1:48,000 or 1:96,000. The intra-and interassay coefficients of variation were 13 and 28%, respectively. The linearity of dilution of the assay was r 2 = 0.96.
HLA Typing
HLA typing of the major predisposing and protective DR-DQ haplotypes was performed with a PCR-based lanthanidelabeled hybridization method using time-resolved fluorometry for detection. The presence of the (DR3)-DQA1*05-DQB1*02 haplotype is shortened to DR3 and that of HLA-DRB1*04-DQB1*0302 to DR4, according to convention.
Diabetes-Associated Autoantibodies
IAA, GADA, IA-2A, and ZnT8A were analyzed with specific radiobinding assays as described earlier (23 
RESULTS
The children who progressed to type 1 diabetes had higher sRAGE concentrations than the controls at all four time points, although this difference was not significant at the time of the second sample, i.e., the first autoantibody-positive sample from the progressors (Table 1) . There was no difference in the sRAGE concentrations between girls and boys (mean sRAGE 1,240 vs. 1,197 pg/mL; P = 0.20). There was an inverse correlation between age and sRAGE concentration in the control group (r s = 20.23; P , 0.001) when all four samples from each patient were included in the analysis (mean age 2.9 years in the progressors and 2.8 years in the controls, respectively; if the second and the third sample were the same, it was included only once), but not in the children who progressed to diabetes (r s = 0.03; P = 0.55). In fact, there was a statistically significant inverse correlation between age and sRAGE in the controls in all samples but the first one.
In the prediabetic children, the sRAGE concentrations were lower in the first autoantibody-positive sample (sample 2) when compared with sample 1, taken before seroconversion ( ] pg/mL; P = 0.02; P c = 0.24) was observed. These differences were not significant after the Bonferroni correction. The variations in the sRAGE concentrations in the cases and the controls are shown in Fig. 1 .
There was no significant correlation between sRAGE concentrations in any of the samples and the interval from seroconversion to diagnosis of type 1 diabetes (r s = 20.07 to 0.07; P = 0.48-0.68). No significant correlations could be observed either between sRAGE concentrations on one hand and the titers or number of detectable autoantibodies on the other hand at any time point (data not shown).
Serum concentrations of CML were lower in the prediabetic children than in the controls at all time points, reaching statistical significance only in the last sample (2, mmol/mol lysine; P , 0.001; P c = 0.001). The sRAGE/CML ratio was higher among the prediabetic children than in the controls before seroconversion and close to the diagnosis of type 1 diabetes (Table 2 ).
CONCLUSIONS
The current study indicates that children carrying a risk HLA genotype and progressing to type 1 diabetes have higher sRAGE concentrations than the matched controls, prior to the emergence of the first autoantibody. We observed a decline in the sRAGE concentrations at The first sample was taken before seroconversion, the second sample at the time of seroconversion, the third sample at the time of seroconversion to multiple ($2) autoantibodies, and the fourth sample close to the diagnosis of diabetes in the prediabetic children and at corresponding ages in the control children. The P values are derived from Student t test for paired samples, and the P c represents the Bonferroni corrected value.
seroconversion to autoantibody positivity in the progressors, and the concentrations reached a nadir in the first sample positive for multiple autoantibodies.
There was an inverse correlation between age and sRAGE concentrations in the control group but not among the prediabetic children. The reduction in the sRAGE concentrations occurred later in the controls and became nonsignificant after correction for multiple comparisons.
In this work, we confirm the results from our previous study in an animal model of autoimmune diabetes and in a smaller group of prediabetic children (10) . Since the current samples were derived from a unique prospective collection, we were able to study the variation in the sRAGE concentrations in relation to signs of humoral autoimmunity and compare the results to those of the controls, matched for most of the possible confounding factors. Since the study visits in the DIPP study occur with an interval of 3-12 months (21), the exact time of the seroconversion to autoantibody positivity was not known. This may affect the results, as earlier studies have suggested that the decline in sRAGE concentrations often seen during the acute phase of the inflammation is, at least in some cases, rapidly transformed into an increase as the inflammatory response becomes chronic (20) . In stable, chronic inflammation, sRAGE concentrations have been reported to be normal or even higher than normal (20, 24) , which might represent compensatory mechanisms. Therefore, the difference seen in the samples taken before and at seroconversion to autoantibody positivity likely represents an underestimation of the change in sRAGE at this time since the latter sample may not correspond exactly to the actual time of seroconversion, and the compensatory mechanisms might have already started to increase the sRAGE concentration. There seems to be a trend of increasing sRAGE concentrations from seroconversion toward the time of the diagnosis (Fig.  1) , but a larger study would be needed to evaluate whether this elevation is significant.
Serum CML concentrations were similar in the case and control children in the first three time points, but at diagnosis, the CML concentrations were significantly lower in the progressors. Since serum CML is affected by the renal function (25), this is most likely due to hyperfiltration seen close to the diagnosis of type 1 diabetes. However, there appears to be incongruity in the sRAGE/CML ratio between the cases and the controls. Serum CML concentration is affected by intrinsic regulatory mechanisms, and increased dietary intake of AGEs does not directly affect the CML concentration in the serum (26) . Therefore, it is not possible to reliably assess whether there are differences in the dietary AGEs between cases and controls in this study, although this is an interesting issue, as it has been shown that dietary AGES can induce inflammatory diseases (15, 27) . Higher levels of sRAGE and elevated sRAGE/CML ratio could reflect a dysregulated AGE-RAGE interaction in the prediabetic children. On the other hand, the increased ratio provides an enhanced scavenger capacity that may be involved in the defense against ongoing b-cell destruction.
In the current study, there was an inverse correlation between age and circulating sRAGE concentrations in the control group not progressing to type 1 diabetes. In our previous study, children ,2 years of age had the highest sRAGE concentrations in a series of nondiabetic children aged 0-15 years, although we did not see a linear correlation between age and circulating sRAGE concentrations in that group (14) . The number of very young children was small in that population, and the relationship between sRAGE and age seemed to be relatively stable after the age of 5 years (14) . The results of the current study and the earlier study suggest that there is a physiological drop in the sRAGE concentration around 2 years of age. The weakness of these studies is related to the generalizability of the results due to the overrepresentation of HLA genotypes associated with increased type 1 diabetes risk, as The first sample was taken before seroconversion, the second sample at the time of seroconversion, the third sample at the time of seroconversion to multiple ($2) autoantibodies, and the fourth sample close to the diagnosis of diabetes in the prediabetic children and at corresponding ages in the control children. The P values are derived from Wilcoxon signed rank tests, and the P c represents the Bonferroni corrected values. Figure 1 -Box plots of the sRAGE concentrations in prediabetic children and in the control children. The line within the boxes represents the median, the bottom of each box the 25th percentile, and the top of the box the 75th percentile. The whiskers represent the 5th and 95th percentiles, and the small circles represent outliers. The first sample was taken before seroconversion, the second sample at the time of seroconversion, the third sample at the time of seroconversion to multiple ($2) autoantibodies, and the fourth sample close to the diagnosis of diabetes in the prediabetic children and at corresponding ages in the control children.
There was a decline in the sRAGE concentrations in the prediabetic children after the initial sample. There was also a trend for decreasing concentrations in the control children, but the changes became nonsignificant after correction or multiple comparisons. *P c = 0.01 vs. the first sample; † †P c = 0.005 vs. the first sample. C, control children; PD, prediabetic children.
there is a strong linkage disequilibrium between AGER and HLA class II genes (28) . This apparent physiological decrease also complicates the interpretation of the observed decline in the sRAGE concentrations in the prediabetic children. However, there are differences in the natural course of sRAGE concentrations between cases and controls, and the decline in the sRAGE concentrations occurs earlier in the prediabetic group. The higher sRAGE concentrations in the children progressing to type 1 diabetes when compared with matched controls prior to seroconversion suggest that the dynamics of the AGE/ RAGE interaction can differ early in life. Recent studies have shown that events before or at birth are associated with sRAGE concentrations later in life (29, 30) . Unlike the current study, our previous study on a large population of children with newly diagnosed type 1 diabetes did not show any significant difference in the sRAGE concentrations between cases and healthy controls (14) . However, in the previous study, there was a significant difference in the number of children in the diabetic and control groups, and the matching between cases and controls was conducted at the group and not the individual level. There are not many reports comparing sRAGE concentrations between children and adolescents with type 1 diabetes and healthy controls. Dettoraki et al. (31) reported higher concentrations in the diabetic patients, whereas Giannini et al. (32) observed the opposite. The groups were not matched for the HLA genotype in those studies, and the investigators in the latter study reported differences in the kidney function between the cases and the controls (31), which could influence the results. Zorena et al. (33) discovered that diabetic children and adolescents with signs of microangiopathy had lower sRAGE concentrations than controls, but the results in patients with type 1 diabetes without microangiopathy and controls were similar. Studies in adult populations have more consistently reported higher sRAGE concentrations in diabetic patients than healthy controls (34, 35) , and recently Lam et al. (35) suggested that insulin could affect the sRAGE formation. Results in patients affected by adult or juvenile rheumatoid arthritis (20,24,36) are equally controversial.
Although the sRAGE levels in the general population seem to be quite stable (37) , more evidence has started to build up favoring a possible role of sRAGE as a one of the acute phase proteins (19) . From that perspective, it is possible to understand why the results of various studies may be so inconsistent depending on small differences in the study populations and study design. The real challenge is to draw together all the conflicting results and to be able to make definitive conclusions about the role of sRAGE concentration in acute and chronic inflammation and consider possible mechanisms mediating such an effect.
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